Introduction
Numerous clinical studies have demonstrated the advantages of thrombin inhibition for the treatment of thromboembolic disorders [1] . Current anticoagulant therapies include heparins (unfractionated and low-molecularweight heparins), the subcutaneously administered pentasaccharide, fondaparinux, and vitamin K antagonists, such as warfarin, for oral treatment [2] . Despite achieving significant reductions in the incidence of thromboembolic complications, current therapies for the prevention and treatment of venous thromboembolism (VTE) have a number of limitations. In particular, oral anticoagulants have been associated with unpredictable pharmacological profiles due to the potential for multiple drug and food interactions, thus necessitating regular coagulation monitoring [1] . Furthermore, only orally administered warfarin is suitable for long-term use [3] .
The need for effective and well tolerated oral antithrombotic agents with more predictable pharmacological properties, combined with an increasing recognition that thrombin is a key enzyme in the blood coagulation cascade and in thrombogenesis, has led to the development of a new class of agents that directly target thrombin [1] . Unlike warfarin and heparin, direct thrombin inhibitors (DTIs) are able to inhibit both free and fibrinbound thrombin, thus enabling more effective inhibition of coagulation [4] . Importantly, some agents in this drug class have been developed for oral administration [5, 6] .
Dabigatran (BIBR 953 ZW) is a small molecule that specifically and reversibly inhibits thrombin and can be orally administered as the prodrug, dabigatran etexilate (BIBR 1048) which differs from dabigatran by an ethyl group at the carboxylic acid and a hexyloxycarbonyl side chain at the amidine. Preclinical pharmacokinetic (PK) studies have demonstrated that dabigatran etexilate can be metabolized efficiently to dabigatran in animal models and in vitro. Furthermore, dabigatran has shown excellent potential as an antithrombotic agent in these studies.
The single dose and multiple dose studies reported here were conducted in order to evaluate the PK and pharmacodynamic (PD) profile and tolerability of dabigatran etexilate in healthy human subjects.
Methods

Study subjects
Healthy male volunteers aged 18-45 years with Broca index values within Ϯ20% of their ideal body weight were enrolled in the studies. Signed, written informed consent was obtained from all subjects and the studies were conducted according to the principles of the Declaration of Helsinki and in accordance with the principles of Good Clinical Practice and local guidelines. Both studies were approved by the ethics committee of the Landesaerztekammer Baden Wuerttemberg, Stuttgart, Germany.
Study design
Two double-blind, randomized, placebo-controlled studies were performed, one a single dose and the second a multiple dose escalating study. Although it is intended to market dabigatran etexilate in a capsule formulation, for the purpose of these studies, dabigatran etexilate was provided as a dry powder in a 100 ml bottle. As an acidic microenvironment has been shown to improve solubility and absorption of dabigatran etexilate, the powder was dissolved in 100 ml tartaric acid drinking solution that was provided in a separate bottle [7] . After dissolution of the powder, the solution was administered to the subject. An additional volume of tap water was used to rinse the bottle and this was also given to the subject resulting in a total volume of administration of 150 ml. The 400 mg dose was given after dissolution in 200 ml tartaric acid solution (provided in two 100 ml bottles). The bottles were each rinsed with 50 ml tap water, and the resulting total volume administered was 300 ml. Details of the two studies are outlined below.
Single dose study
Forty eligible healthy male subjects were enrolled into the single dose escalating, double-blind study. Subjects were randomized to receive a single oral dose of 10, 30, 100, 200 or 400 mg dabigatran etexilate or placebo at approximately 08.00 h following an overnight fast. Subjects were followed for 48 h. For each of the five dabigatran etexilate doses, six subjects were randomized to receive study drug and two to receive placebo. Standardized meals were given during the day at specified meal times (breakfast 09.00 h, lunch 12.00 h, dinner 18.00 h) and subjects were discharged from the study centre 2 h after breakfast (08.00 h) the following day.
Multiple dose study
In the multiple dose, double-blind study, 40 healthy male volunteers were randomized to receive 50, 100, 200 or 400 mg three times daily of dabigatran etexilate or placebo. The first dose was administered at approximately 07.30 h and subsequent dosing was at 8 h intervals (approximately 15.30 h and 23.30 h) for 6 days, and a single dose of study drug was administered on the morning of day 7. For each of the four dabigatran etexilate doses, eight subjects were randomized to receive study drug and two to receive placebo. Standardized meals were given over the 6 day study period at specified meal times (breakfast 08.30 h, lunch 12.00 h, dinner 18.00 h, evening snack 21.00 h). Subjects were discharged from the study centre following breakfast at 07.30 h on day 8 and were followed up for 10 days.
Pharmacokinetic analysis
Venous blood samples (approximately 9 ml) were collected and centrifuged immediately at 4000 g for 10 min. Plasma samples were acidified by the addition of 1 v : v 0.1 n HCl and were then frozen immediately at -18°C. Urine was homogenized and the total volume (or weight) recorded. Following acidification with HCl, a 2.0 ml fraction was frozen until analysis.
Single dose study Blood samples were collected 0.5 h before drug administration and again at 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 24 and 48 h post-administration. Urine samples were collected at 0.5 h before drug administration and again from 0 to 4, 4-8, 8-12 and 12-24 h post-administration.
Multiple dose study Blood samples were taken 0.25 h before the first dose of study drug was administered; 0.5, 1, 1.5, 2, 4, 8 (prior to the second dose), 9.5, 16 (prior to the third dose), 17.5 and 24 h after the first drug administration on day 1; before the first drug administration on the mornings of day 3, day 4 and day 5; before, and 1.5 h after, each of the three drug administrations on day 6; before the final drug administration on day 7, and 0.5, 1, 1.5, 2, 4, 8, 24, 48 and 72 h following the final drug administration.
Plasma samples were collected and analyzed for quantitative determination of dabigatran (BIBR 953 ZW) concentrations using a fully validated liquid chromatography-tandem mass spectrometry (LC-MS/ MS) method. The internal standard used was [ 13 C 6 ]-labelled BIBR 953 ZW. The linear calibration curves covered a range from 1-400 ng ml -1 BIBR 953 ZW (single-dose study, extended to 1-500 ng ml -1 for the multiple-dose study). The lower limit of quantification (LOQ) was 1.00 ng ml -1 . Plasma and urine samples were measured directly to determine the fraction of free, nonconjugated dabigatran and after complete alkaline cleavage of dabigatran conjugates for the quantification of free and bound dabigatran.
For the determination of free, nonconjugated dabigatran, 40 ml of internal standard solution ([ ) was added to a 100 ml sample aliquot, then mixed, centrifuged and 10 ml of the supernatant injected onto the high performance LC (HPLC)-MS/MS system. For the determination of total (i.e. free plus conjugated) dabigatran, 40 ml of internal standard solution ([ 13 C 6 ]-BIBR 953 ZW at 1000 ng ml -1 ) was added to a 100 ml sample aliquot, then mixed, alkalinized with 55 ml of 0.2 n NaOH and incubated at 37°C for 2 h. The incubation period with NaOH was determined to be sufficient to cleave all acylglucuronides. After centrifugation, 10 ml of the supernatant was injected onto the HPLC-MS/MS system. Analytes were extracted by on-line solid phase-extraction (column-switching) on a Bondapak C18 porasil B (20 ¥ 2 mm, 37-75 mm) enrichment column. Chromatography was performed on a Purospher RP-18 E analytical column (60 ¥ 2 mm, 5 mm) with a 20 ¥ 2 mm guard column of the same material. Mobile phases were 0.01 m ammonium formate buffer pH 4.5 (A) and acetonitrile (B) using a gradient from 15 to 50% B at a flow rate of 0.3 ml min For the quantification of free, nonconjugated BIBR 953 ZW in plasma, mean assay inaccuracies were between -3.8 and 4.6%. For the analysis of total BIBR 953 ZW in plasma following complete alkaline cleavage of conjugates, mean assay inaccuracies were between -3.5% and 1.1%, respectively.
Mean assay imprecision in the QC samples, presented as CV over the main study periods, was between 2.7 and 14.8% for free BIBR 953 ZW and 2.1-23.0% (including outliers) for total BIBR 953 ZW.
Pharmacokinetic parameters
Monitoring of plasma concentrations was performed in all subjects to assess drug exposure and to determine the PK profile of dabigatran in subjects receiving single dose and multiple dose dabigatran etexilate. All PK parameters were calculated using noncompartmental procedures using the TopFit programme [8] .
In both studies, the maximum observed plasma concentration (C max , ng ml ) and the time to first occurrence of C max (t max , h) were determined from the plasma concentration-time curves. The terminal half-life (t 1/2 , h), apparent volume of distribution during the terminal phase (V z /F, l) and apparent total clearance after oral administration (CL tot /F, ml min -1 ) were also calculated in both investigations. The total mean residence time (MRT tot , h) was also calculated. The area under the plasma concentration-time profiles over 12 h (AUC (0,12 h) , ng ml -1 h), to infinity (AUC (0,•) ), and at steady-state (AUC ss ) were determined from the plasma concentration-time curves using the linear trapezoidal rule. In the multiple dose study, t max at steady-state (t max,ss , h) and mean residence time at steady-state (MRT ss , h) were also assessed.
Pharmacodynamic analysis
The PD effects of dabigatran were assessed by measuring selected coagulation parameters using the clot-based assays described below:
aPTT assay The aPTT assay targets the intrinsic pathway of the coagulation cascade, involving factors I, II, V, VIII, IX, X, XI and XII. A burst of thrombin is generated in plasma samples after recalcification in the presence of phospholipids and a contact activation trigger. In the presence of anticoagulants, the lag-time until thrombin generation and subsequent clot formation is measured.
PT assay The PT assay measures clotting times in plasma samples after recalcification in the presence of an excess of tissue factor and procoagulant phospholipids. This represents the clotting time in the extrinsic pathway involving factors I, II, V, VII and X.
TT assay A certain amount of thrombin is required over a finite period of time in order to convert the fibrinogen in a plasma sample into fibrin and facilitate clot formation. The time to clot formation will depend on the amount of thrombin in the sample and the concentration of thrombin inhibitors. The TT assay directly assesses the activity of thrombin in a plasma sample and provides a direct measure of the activity of DTIs.
ECT assay The ECT assay uses the snake venom, ecarin, which converts prothrombin into the intermediate meizothrombin. DTIs are able to inhibit the thrombin-like activity of meizothrombin, thereby prolonging the formation of a clot in a plasma sample.
Values were reported as the ratio of aPTT, TT and ECT measured at specific time points following drug administration to the measured blood coagulation times at baseline (predose) and PT was reported as the international normalized ratio (INR).
aPTT, INR, TT and ECT values were determined in two central laboratories according to Good Laboratory Practice regulations. Blood samples were drawn in citrated tubes and plasma was separated. In one central laboratory, aPTT and INR were analyzed with an STA Compact coagulation analyzer (Roche Diagnostics, Basel, Switzerland), and, in another central laboratory, TT and ECT were measured using a Biomatic B10 coagulometer (Desaga, Wiesloch, Germany). For each parameter, maximum effect (E max ) was determined.
Assay precision and accuracy of blood coagulation measurements were monitored by prestudy validation and by analysis of QC samples during analysis. The assay accuracy and precision parameters were within the predefined acceptance limits.
PK/PD correlation
For PK/PD correlations, total dabigatran concentration in the plasma was quantified after complete alkaline cleavage of the glucuronide conjugates present in the samples. The conjugates of dabigatran were shown to exhibit direct thrombin inhibition of the same potency as nonconjugated dabigatran. Therefore, the concentration of dabigatran in the plasma measured after conjugate cleavage represents the total concentration of active thrombin inhibitor in the plasma.
At the given sampling time points, blood plasma concentrations and coagulation times were determined in parallel. The relationship between the PK profile of dabigatran and its PD effects was assessed by pooling all available day 1 data (separately for aPTT prolongation, INR, TT and ECT) from both studies, and plotting the pooled data against respective dabigatran plasma concentrations. Also, all available steady-state data >48 h (aPTT prolongation, INR, TT and ECT) from the multiple-dose study were plotted against respective dabigatran plasma concentrations. For correlation of dabigatran plasma concentrations and aPTT, the square root of the plasma concentration was used for linear regression analysis. Correlations between the PD parameters and plasma concentration were assessed by conducting linear least squares regression analysis using Microsoft ® Excel ® .
Safety assessments
All adverse events (AEs) that occurred during the course of the study were recorded. Where possible, information on the severity, time of onset and duration of AEs were recorded together with the investigators' assessment of their relationship to treatment. The incidence of AEs was tabulated by treatment using the World Health Organization system of body classification. Special attention was paid to the following AEs: nose or gum bleeding, haematuria or blood in the faeces. Routine clinical laboratory tests, haematology, clinical chemistry assessments and vital sign measurements were performed throughout the trials.
Statistical analysis
Drug plasma concentrations and PK parameters were analyzed descriptively in both trials. The attainment of the steady state was investigated with a repeated-measures anova. The log-transformed trough concentrations of all time-points in the conjectured steady-state-interval were compared with each other. The corresponding confidence intervals (95%, two-sided) and P values, testing the hypothesis that the expected mean differences are equal to 0, were arranged in a table. Comparisons that revealed small P values (<0.05) were inspected to determine whether the differences between the respective time-points were relevant and could have resulted from not yet attaining steady-state.
Dose proportionality was explored using the power model. This was done with an overall regression model applied to the log-transformed data, i.e. a linear regression of the logarithm of the parameter on the logarithm of the dose. Based on the estimate for the slope parameter, a two-sided 95% confidence interval for the slope was computed. Dose proportionality would correspond to a value of 1 for the slope parameter beta in the power model.
Results
Baseline characteristics and laboratory variables
Forty healthy Caucasian male subjects were treated and completed each study, with no withdrawals due to treatment noncompliance or protocol violations. Only one subject in the 50 mg dabigatran etexilate group in the multiple dose study withdrew consent for personal reasons after receiving a total of 200 mg of study drug. The demographic and baseline characteristics of subjects in each dose group within the studies were comparable and no clinically important changes in routine laboratory values were reported (data not shown).
Pharmacokinetic parameters
Single dose study Pharmacokinetic values after single dose treatment with dabigatran etexilate, at doses of 10-400 mg, are shown in Table 1 . Following drug administration, rapid absorption occurred resulting in peak dabigatran plasma concentrations at a median t max of 1.25-1.5 h. Mean C max increased in proportion with dose with mean values of 8, 22, 82, 161 and 344 ng ml -1 , following oral dabigatran etexilate doses of 10, 30, 100, 200 and 400 mg, respectively. C max and AUC increased in proportion to dose indicating that dabigatran has a linear PK profile. Dose proportionality was explored by investigating a power model. The slope parameters for C max and AUC were 0.926 (95% CI 0.84, 1.01) and 0.936 (95% CI 0.85, 1.02), respectively, which indicated dose proportionality of both parameters in the range of 10-400 mg. Due to the limited availability of plasma concentration data after the administration of 10 or 30 mg of dabigatran etexilate, it was impossible to calculate the AUC (0,•) for the lower doses. Therefore, AUC-derived PK parameters and t 1/2 were not determined for dabigatran at these doses. After single dose oral administration of 100, 200 or 400 mg, the t 1/2 of dabigatran was approximately 7-9 h. The mean apparent volume of distribution during the terminal phase, V z /F, of 1860 l (range 1430-2400 l) and the apparent total clearance after oral administration, CL tot /F, 2031 ml min -1 (range 1480-2430 ml min
), were dose independent. Dabigatran was eliminated mainly unchanged, and the cumulative urinary excretion of dabigatran accounted for less than 5% of the dose. Glucuronide conjugates of dabigatran in urine represented 0.4% of the dabigatran dose.
Alkaline cleavage of the glucuronic acid conjugate of dabigatran was only performed in samples from the 100, 200, and 400 mg dose groups because the low concentrations of glucuronides in the 10 and 30 mg samples were impossible to quantify. Areas under the dabigatran plasma concentration-time curves were calculated after cleavage of the glucuronic acid conjugates representing the total AUC of dabigatran in plasma. Additionally, the concentration of nonconjugated dabigatran in plasma was measured and its AUC calculated. The mean fraction of dabigatran conjugates of the total plasma dabigatran was deduced from the difference in total and free dabigatran AUC and was 10%, 19%, and 23% for the 100, 200 and 400 mg doses, respectively. The interindividual variability of the extent of conjugation was low as indicated by a CV of 8-10%. At the lower dose levels, no consistent difference was observed between free and conjugated dabigatran concentrations. Variability in PK parameters was low to moderate, with interindividual CVs of 27-43%.
Multiple dose study Pharmacokinetic values after multiple dosing with dabigatran etexilate doses of 50-400 mg three times daily are shown in Table 1 . After oral administration of dabigatran etexilate in tartaric acid solution, rapid absorption was observed and maximum plasma concentrations were reached with a median t max of 1.5 h (Figure 1 ) indicating rapid conversion of the prodrug to its active metabolite. Following day 1 administration of dabigatran etexilate at doses of 50, 100, 200 and 400 mg, mean C max values of 43, 128, 199 and 303 ng ml Following three times daily dosing of 50-400 mg dabigatran etexilate in solution, the area under the plasma concentration-time curve at steady state for one dosing interval (8 h, AUC ss ) and maximum plasma concentrations at steady-state (C max,ss ) increased in a doseproportional manner (Table 1 ). The slope parameters for C max,ss and AUC ss were 1.00 (95% CI 0.84, 1.15) and 0.99 (95% CI 0.84, 1.15), respectively, which indicated dose proportionality of both parameters in the dose range of 50-400 mg. The attainment of the steady-state was investigated by paired comparisons of the log transformed trough concentrations. P values, testing the hypothesis that the expected mean differences of trough concentrations equals 0, at 48 h were 0.298, 0.168, 0.215 Table 1 Arithmetic mean PK parameters of dabigatran after single dose oral administration (10- and 0.073 for doses of 50, 100, 200 and 400 mg, respectively, indicating that steady-state was reached on day 3 with three times daily administration. Multiple administration of dabigatran etexilate at 8 h dosing intervals resulted in the accumulation of dabigatran in plasma. The mean C max,ss was 359 ng ml -1 and the trough plasma concentration at the end of the 8 h dosing interval (C min,ss ) was 105 ng ml -1 ( Table 1 ). The AUC after the first dose (AUC(0,8 h)) values were 165, 552, 821 and 1290 ng ml -1 h, respectively, after the administration of 50, 100, 200 and 400 mg three times daily dabigatran etexilate doses. At steady state, the AUC ss (day 7) was 305, 904, 1620 and 3270 ng ml -1 h (Table 1) . Accumulation ratios at steady state (AUC(0,8 h) ss /AUC(0,8 h)) were 1.8, 1.6, 2.0 and 2.5, respectively, for the four dose groups.
As in the single rising-dose study, alkaline cleavage of the glucuronic acid conjugate of dabigatran was performed only in samples from the 100, 200, and 400 mg dose groups as the level of glucuronidation was found to be low in the 50 mg samples.
Variations in PK parameters were low to moderate for each dose, with interindividual CVs of 16-46%.
Pharmacodynamic parameters
Single dose study The inhibition of thrombin was determined by assessing prolongation of aPTT, INR, TT and ECT after single dose administration of dabigatran etexilate (Table 2 ). There were dose-dependent increases in mean aPTT prolongation, INR, TT and ECT values, and a close correlation between prolongation of blood coagulation assays and dabigatran plasma concentrations. Variability in the coagulation parameters was low, with interindividual CV usually below 20%; in the 400 mg dose group, coagulation parameters were more variable, but the CV was still below 30%.
The time curves for aPTT, INR, TT and ECT values paralleled the plasma concentration-time curve of dabigatran ( Figure 2 ). The maximum effect (E max ) of dabigatran on clotting parameters occurred at the same time as C max , indicating that thrombin inhibition by dabigatran is a direct effect on thrombin located in plasma. The parallel slopes of blood coagulation prolongation and the corresponding plasma concentration-time curves demonstrated that the PD effects of dabigatran have a rapid onset of action without a time delay, as indicated by the absence of a counter-clockwise hysteresis loop (data not shown).
Multiple dose study As was observed following single dose administration, aPTT, INR, TT and ECT profiles with three times daily administration closely followed the corresponding plasma concentration-time profiles of dabigatran and increased with increasing doses of dabigatran etexilate. Maximum values were achieved within 2 h of administration, suggesting a rapid onset of action (not shown). Steady-state E max values of blood coagulation parameters are shown in Table 2 .
The effect of dabigatran on the prolongation of blood coagulation was detectable at the end of the 8 h dosing interval except for aPTT and INR at the lowest dose. Mean trough aPTT prolongations at steady state, measured immediately before the administration of the morning dose, increased with dabigatran etexilate doses. At the highest dose of dabigatran etexilate (400 mg three times daily), a 2.5-fold prolongation in aPTT at trough was observed.
Pharmacodynamic effects of dabigatran declined in parallel with declining plasma concentrations of the drug, such that a rapid initial decrease of anticoagulant effects was observed 4-6 h after peak effects followed by a slow terminal phase. Twelve hours after administration, the prolongation of blood coagulation returned to about 50% of the maximum effect. Dabigatran exhibits a t 1/2 of 14-17 h. Low plasma concentrations and small residual PD effects were observed 24 h after the final dose administration.
PK/PD correlation
PK/PD analyses suggested notable differences between PD assays in terms of sensitivity and precision at The ECT assay displayed a linear relationship with drug plasma concentrations in the clinically relevant drug concentration range and exhibited adequate sensitivity and precision.
Safety assessments
Single dose study Dabigatran was well tolerated after administration of single oral doses of 10-400 mg dabigatran etexilate. Seven subjects reported an AE, all of mild to moderate severity; the onset of AEs occurred before treatment in one subject and during treatment in six subjects, one of whom received placebo. The only bleeding event, haematoma at a venepuncture site, occurred approximately 30 min before treatment and did not increase in size following treatment. The most frequently reported AE was headache, but in no case was this considered related to treatment with the study drug. There were no deaths, no serious AEs, and no AEs leading to withdrawal during the study. Laboratory variables were out of the normal range in only a few cases and these were without clinical relevance. There was no hepatotoxicity identified in any of the subjects treated with dabigatran etexilate.
Multiple dose study Dabigatran was well tolerated after oral three times daily administration for 6 days at doses up to 200 mg dabigatran etexilate, representing a total daily dose of 600 mg. Fourteen subjects reported at least one AE; all AEs were mild-to-moderate in severity, except for one case of severe headache of 10 h duration. The onset ofAEs occurred during treatment in 13 subjects and during or post-treatment in three subjects. Eight subjects who received dabigatran etexilate (two in the 200 mg group and six in the 400 mg group) experienced bleeding events, which included haematoma (n = 5; one at venepuncture site), gingival bleeding (n = 4) and prolonged bleeding at the venepuncture site (n = 4). All bleeding events occurred between day 1 and day 9 and were mild-to-moderate in intensity. All were considered treatment-related, due to the mechanism of action of dabigatran and the study procedure. One subject who received placebo developed a haematoma at a venepuncture site, which was also classified as treatment-related. The most commonly reported nonbleeding AE was headache (n = 5). In addition, gastrointestinal disorders were reported in three subjects, and herpes simplex infection, weakness plus dizziness, polyuria, and pain were each reported in one subject. However, none of these AEs was considered treatment-related. There were no deaths and no serious or otherwise significant AEs during the course of the study. Laboratory variables were out of the normal range in only a few cases, and these were without clinical relevance. Vital signs and other physical assessments reflected individual variations, without indication of any treatment effect.
Discussion
Most anticoagulants used for the prevention and treatment of thromboembolism have a narrow therapeutic window, necessitating careful monitoring; furthermore, dosing can be problematic because of potential multiple food and drug interactions [9] . These limitations highlight the need for oral therapies with more predictable effects. The studies presented here were designed to investigate the PK, PD and tolerability profiles of single and multiple rising doses of the novel oral DTI, dabigatran etexilate.
Dabigatran exhibited a favourable PK profile in healthy volunteers, with rapid absorption following oral administration (C max reached within 2 h), a biexponential distribution phase and a t 1/2 of 14-17 h after multiple dosing. Dose-proportionality was observed, with C max and AUC increasing linearly with dose; steady-state conditions were reached within 3 days with three times daily administration. Importantly, variations in plasma concentrations and PK parameters were low to moderate (overall interindividual CV:~30%), indicating PK predictability.
Due to rapid initial distribution and elimination, dabigatran plasma concentrations declined to <25% of C max within 12 h of single dosing, and to~30% of C max 8 h after attaining steady-state. Since the PD effects of dabigatran have been shown to decline in parallel with plasma concentration, these data suggest that, in patients requiring surgery, a wait of only~12 h would be required following administration of the last dabigatran etexilate dose. Slow terminal elimination maintained low plasma concentrations for 24 h following dosing, indicating the potential for dabigatran to maintain therapeutic concentrations throughout a 24 h period, whilst retaining sufficient reversibility.
Elimination of dabigatran occurs predominantly (up to 80%) via the renal pathway. In the single-dose study, urinary excretion accounted for <5% of dose during the 24 h following administration, indicating the low oral bioavailability of dabigatran etexilate (~6.5%). Renal clearance of dabigatran amounted to 50-100 ml min
The absorbed prodrug is rapidly and completely converted to active dabigatran in the plasma, resulting in effective and rapid anticoagulation.
Dabigatran undergoes conjugation with glucuronic acid to form acylglucuronides. Administration of Ն100 mg dabigatran etexilate resulted in measurable concentrations of plasma acylglucuronides, accounting for 10-23% and 15-24% of total plasma dabigatran after single and multiple dose administration, respectively. These conjugates were shown to be pharmacologically active, demonstrating almost identical PD properties to free, nonconjugated dabigatran.
The single dose study demonstrated that aPTT was prolonged, and INR, TT and ECT increased with single rising doses and these effects were still present Ն8 h post-administration for doses >50 mg. The effecttime curve for all parameters paralleled the plasma concentration-time profile of dabigatran, with no lag time between peak plasma concentrations and maximum effect, suggesting a direct effect in the central compartment, consistent with the localization of thrombin in plasma. Maximum effects were observed within 2 h of initial administration, indicating a rapid onset of action.
In the multiple dose study, parallel increases in blood coagulation times and dabigatran plasma concentrations were also observed at steady state. Peak concentrations and maximum PD effects were attained approximately 2 h after dosing, followed by a rapid distribution and elimination phase. On average, aPTT prolongation declined to~46% of maximum within 8 h of dosing.
Twenty-four hours after cessation of drug administration, an aPTT prolongation of 14-20% of maximum was observed for the 100-400 mg doses; with the 50 mg dose, no further aPTT prolongation was seen. ECT prolongation declined to~27% of maximum after 8 h, and to <10% of maximum after 24 h. The small residual effects observable Ն24 h after cessation of treatment, in conjunction with the initial rapid decline in prolongation of blood coagulation, suggest the safety of this agent should bleeding occur in the absence of an available antidote or reversal agent.
In both studies, aPTT, INR, TT and ECT increased with dose. Mean trough and maximum aPTT values, for example, increased two-and three-fold, respectively, with 400 mg three times daily administration in the multiple dose study. aPTT prolongations of this magnitude have been shown to exceed the aPTT effect required for effective prevention of DVT, as demonstrated in the BISTRO II dose-range finding trial [10] .
aPTT has long been used to monitor the anticoagulant effects of heparin [11] and has also been employed with DTIs, such as hirudin [12] , argatroban [13] and melagatran [14] . Therapeutic ranges for aPTT have been established empirically for heparin in various indications [15] ; however, appropriate aPTT ranges for dabigatran must be determined in further randomized controlled clinical trials. INR, TT and ECT increased in direct proportion to dabigatran plasma concentration, whereas aPTT prolongation was linearly related to the square root of the plasma concentration. Similar curvilinear aPTT relationships have been reported for other DTIs [16] [17] [18] , suggesting that although aPTT may provide a qualitative indication of anticoagulant activity, it may not be suitable for precise quantification of effect [18] . Problems with nonlinearity are exacerbated by lack of standardization for aPTT assays [19, 20] . INR response to dabigatran was linear, but the sensitivity of this assay was low. Therefore, INR is not considered a suitable tool for monitoring the anticoagulant effects of DTIs. Although the TT assay provided a linear response, it is not readily available in clinical practice and, as with aPTT, lacks standardization. In addition, TT may be too sensitive for the clinically relevant plasma concentration range of dabigatran. There were marked discrepancies between the single-dose and multiple-dose TT data and considerable variability. Such variability was not observed in later studies which showed a much smaller imprecision comparable to that observed with ECT. Therefore, the discrepancy between the single-dose and multiple-dose-response and the imprecision of the TT response might possibly be due to poor sample handling and assay performance. TT might be too sensitive to dabigatran plasma concentrations in the clinically relevant plasma concentration range. At dabigatran concentrations greater than 600 ng ml -1 , the thrombin clotting time frequently exceeded the maximum measurement time of the coagulometer. The ECT response was linear over the full range of concentrations, and was more sensitive than, for example, aPTT, as evidenced by an 8-fold maximum ECT prolongation, compared with a 2.5-fold maximum aPTT prolongation with multiple 400 mg doses. ECT is also a more precise parameter than aPTT, as indicated by the smaller scatter of data in Figure 3 . Overall, these findings suggest that ECT may provide a more accurate measurement of DTI anticoagulation than the other parameters, in agreement with previous findings [17, 19] .
There was no evidence of dose-dependent AEs, with the exception of bleeding events in the multiple-dose study. These episodes were mild-to-moderate in intensity and increased with dose, showing that the drug exhibited its known pharmacological activity in humans [21] . Based on these data, 200 mg three times daily was considered to be the maximum tolerable dose in this group of healthy subjects. The dabigatran plasma concentrations and the prolongation of blood coagulation parameters attained with 200 mg three times daily dose were beyond those required for effective and safe thromboprophylaxis [10] . Thus, this study established a maximum tolerable multiple dose for future studies in healthy volunteers, while the low incidence of AEs observed, even with higher dose three times daily regimens, indicates a favourable safety profile.
By displaying rapid conversion to its active form, predictable and reproducible anticoagulant effects, and complete and effective inhibition of thrombin, dabigatran etexilate exhibits many features consistent with the profile of an ideal anticoagulant [1, 9] . Therefore, dabigatran etexilate has the potential to offer physicians and patients the convenience of a simple, oral dosing regimen, without the burden of coagulation monitoring.
In summary, dabigatran etexilate is a small molecule that specifically and reversibly inhibits thrombin. It is a promising novel, oral DTI with predictable PK characteristics.
